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DESIGN AND EXPERIMENTAL INVESTIGATION OF A SINGLE-STAGE TURBINE 
WITH A ROTOR ENTERING RELATIVE MACH NUMBER OF 2 * 

By Thomas P. Moffitt 


SUMMART 

The design, and experimental investigation of a single-stage super- 
sonic turbine are presented herein. The turbine was designed for a rotor 
entering relative Mach number of 2. 

The wiavimum equivalent specific work output of the turbine at de- 
sign speed and approximately design over-all pressure ratio was 32.9 
Btu per pound at a static efficiency of 0.414. This static efficiency 
gave good verification to an independent reference that indicated theo- 
retical static efficiencies for similar single-stage turbine b within the 
range 0.40 to 0.45. 

An experimental ratio of effective rotor blade momentum thickness 
to mean camber length was determined- to be 0.0114, which compares favor- 
ably with the results obtained from several transonic, and subsonic tur- 
bines., The design procedure for this turbine would haye been improved 
by allowing for more rotor losses by assuming a value of this momentum 
parameter comparable with those obtained from transonic turbines. 

Removing a large portion of the rotor suction surface enabled a 
lower static pressure to be felt at the stator exit at the expense of 
higher rotocr losses. The net result was an improvement in turbine work 
output of about 3 percent at design Betting conditions. 

No problems associated with supersonic starting were encountered 
even unde r the worst conditions of turbine operation with respect to 
this problem. 



INTRODUCTION 

In recent years there has been an Increas i ng interest In turbines 
applicable, to rocket-pump drive. In view of this, a considerable amount 
of the turbine research effort at the NACA Lewis laboratory has been 


* Title, Unclassified 


AFMDC DAS ’58-70 7 4 




2 


^pUHirXilKClTJLAJ. , 

/• 


MCA 191 E58F20& 


t 


directed toward turbines suitable for this purpose . Because a rocket 
must carry all the fuel and oxidant required for propulsion, including 
the turbopump driving fluid, problems associated with total gross weight 
are necessarily encountered. From a weight standpoint, two of the de- 
sirable c har acteristics of a turbine designed for rocket-pump application 
are to use a minimum amount of driving fluid and to be light weight. 

One type of turbine that appears attractive for this application 
would be a supersonic turbine utilizing a hi gh pressure drop across a 
minimum number of stages. Such a turbine would be light weight and have 
rotor blades designed for a high turning angle that would result in a 
high specific work output per stage. For a given power application, then, 
this type of turbine would require only a amen amount of working fluid 
to drive it. The expected efficiency from such a turbine would be con- 
siderably lower than that of mare conservative turbines because of hi 
leaving losses. However, the desirable characteristics of being a simple, 
lightweight, high specific work output, low, mass flow turbine might easily 
outweigh the disadvantage of a low efficiency. 

Very little information is available regarding the performance of 
supers caaic turbines. Cascade results of stator blade rows and rotor blade 
rows are available (e.g., refs. 1 and 2), but a need exists for informa- 
tion concerning the performance of the two operating together as a turb ine 
unit. The purpose of this investigation, then, 1 b to gain a better under- 
standing of the general performance characteristics of supersonic turbines. 

A single-stage turbine with a rotor entering relative Mach number of 
2 was designed, constructed, and experimentally investigated at the Lewis 
laboratory. In addition to the instrumentation required to determine 
over-all turbine performance, static-pressure taps were provided in the 
outer housing across the blade rows in an e ff or t to gain an understanding 
of the major trends encountered within the flow passages as the turbine 
went through off-design conditions of operation. 

The performance of idle turbine in terms of static efficiency is com- 
pared with the results of reference 3, which includes theoretical static 
efficiencies of single-stage turbines with similar design characteristics . 


SYMBOLS 


P 

D 

Ah ’ 


specific heat at constant pressure, Btu/lb-°F 

blade surface diffusion parameter, 1 - Y e j- . p c ^ ^ y . a ^‘ . ^ . er . diffliBi on, 

Velocity before diffusion 

specific work output, Btu/lb 
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l length of blade mean camber line, ft 

M Mach number 

P pressure, Ib/sq ft 

T temperature, °F 

U blade speed, ft/sec 

V absolute gas velocity, ft/sec 

v weight-flow rate, lb/sec 

z stator stacking point 

V ratio of specific heats 

B ratio of inlet air total pressure to NA.CA. standard sea-level pres- 
sure, p^/p* 

r* 

e function of T t ^ 

% static efficiency, based an static- to total-pressure ratio across 
turbine, p 4 /p£ 

@ cr squared ratio of critical velocity at turbine inlet to critical ve- 
locity at HA.CA. standard sea-level temperature, (V Qr q/V^.)^ 

6 effective rotor blade momentum thickness based an turbine over-all 
performance, ft 

Subscripts: 

cr conditions at Mach number of 1.0 
m me an section 

R relative to rotor blade 
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static -pressure-tap measuring station; • 
sum of suction- and pressure-surface q uant ities 
a.xi ail, component 
turbine inlet 
stator exit before mixing 
8 tat or exit after mixing, also rotor inlet 
rotor exit before mixing 

rotor exit after mixing, also turbine outlet 
Superscripts: 

' absolute total state 

* MCA standard conditions 

TURBINE DESIGN 

General Design Characteristics 

The single-stage turbine investigated had a 10. 5-inch diameter 

with a hub-tip radius ratio of 0.9 at the rotor inlet with the blade 
heights increased to a hub-tip radius ratio of 0.87 at the rotor outlet. 
The turbine was designed for a rotor entering relative Mach number of 2.0. 

The design equivalent parameters selected are as follows: 


Specific work, Ah'/e^, Btu/lb . 39.0 

Weight flow, / ^ 9gr s, lb/sec 0.5Q5 

Mean blade speed, UjJaJG ct , ft/sec 342 


4 

s 

. tot' 

X 

0 

1 

2 

3 

4 


General Design Procedure 

All the calculations used in determining the design velocity dia- 
grams, stator blade shape, and rotor blade shape were based on conditions 
at the mean b l ad e radius. It was assumed that no significant change i n 
flow char acteristics would occur radially because of the high hub-tip 
radius ratio which resulted in blade heights of approximately l/2 inch. 
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Velocity diagrams . - The after-mixing velocity diagrams together 
with a sketch of a typical blade channel showing the Btatlon ncmencla- 
ture used, are shown in figure 1. The stator and rotor blade configura- 
tions were designed to match these after-mixing conditions. 

Stator design . - The stator was des i gned as three sections: a con- 

verging section that turned the flow and accelerated the gas from a Mach 
number of 0.28 at the stator entrance to sonic conditions at Idle throat, 
a diverging section that accelerated the flow from sonic at the throat 
to a Mach number of 2.54 at the exit of the guided channel, and a straight 
suction surface from Idle exit of the guided channel downstream to the 
blade trailing edge. The calculated losses decreased the free-stream 
Mach number from 2.54 at the stator exit (station 1, fig. l) to an after- 
mixing Mach number of 2.43 ( station 2, fig. l). 

The converging free-stream. section was designed by use of the 
stream-filament technique as described in reference 4. All the turning 
of the free-stream flow (72.6°) was accomplished in this section. 

The method used in designing the sharp-cornered divergi n g free- 
stream section to accelerate the flow from the throat to the exit of the 
guided channe l was the same as that described in reference 1. This type 
of design represents the shortest possible e xpan sion passage capable of 
yielding a uniform, shock-free, par all el, exit flow. The resulting varia- 
tion in design blade surface velocities is shown, in figure 2 as a function 
of percent axial chord. 

Boundary-layer growth along the suction surface, pressure surface, 
and end walls was calculated on the basis of 32 blades by the method de- 
veloped in reference 5. The boundary- layer growth was then added to the 
respective free-stream surfaces and end walls and resulted in the final 
stator blade shape. 

Table X shows the coordinates of ‘the mean, section template used in 
the fabrication process. The Airnnimrm blades were made up of radial ele- 
ments in order to keep the throat openings as close to rectangular as 
possible. 

Calculations based on the design procedure resulted in a 14 -percent 
drop in total pressure across the stator blade row. 

Rotor design . - The free-stream rotor passage was designed using the 
supersonic- vortex-flow theory as described in reference 6. The passage 
consisted of three sections: an entering transition section where the 

velocity increased on the suction surface and decreased on the pressure 
surface; a circular arc section where the velocity remained constant on 
each respective surface; and an exit transition section where the velocity 
increased on the pressure surface, and, in this case, re main ed constant on 
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the suction surface. The design variation in blade surface relative Mach 
numbers is shown in figure 2 as a function of percent axial chord. 
Boundary- layer growth was calculated on the basis of 48 blades and was 
added to the free- stream surfaces in the same manner as was used in the 
stator design. 

Table II shows the rotor blade coordinates used in the fabrication 
process. The same coordinates were used for the hub; mean, and tip sec- 
tions, which allowed the blades to be machined from a continuous piece 
of al umin um stock. Running clearance between the rotor blades and the 
outer housing was provided for by cutting a recess in the outer housing 
(inset, fig* 3) rather than cutting off the outer tips of the rotor 
blades. The effect of this sharp break is discussed in the section en- 
titled Outer-Wall Static-Pressure Variation. 

Calculations based on the design procedure resulted in an expected 
turbine over-all static efficiency tj s of 0.504 at an over-all static- 

to total-pressure ratio P^/Pq of 0.0333. This efficiency appears high 

when compared with that which could be expected from the results of ref- 
erence 3. This reference indicates theoretical static efficiencies in 
the neighborhood, of from 0.40 to 0.45 for a single-stage turbine under 
similar design conditions. 


APPARATUS 

The experimental investigation of the turbine was conducted in the 
same turbine test facility used in reference 7. The apparatus consisted 
primarily of the turbine configuration, suitable housing to give uniform 
turbine-inlet flow conditions, and a cradled dynamometer to absorb tur- 
bine power output. A diagrammatic sketch of the turbine test section is 
shown in figure 3. Photographs of the stator and rotor blade configura- 
tions are shown in figure 4. The sharp-cornered stator throat openings 
can be noted from this figure. 

The turbine was operated with dry pressurized air from the labora- 
tory combustion-air system. The air passed through a filter tank, heat- 
ers, a hydraulically operated inlet control valve, and an ASME flat-plate 
orifice, and then went to the turbine- inlet air collector. After the air 
passed through the turbine, it was directed to the laboratory altitude 
exhaust system. 


INSTRUMENTATION 

Instrumentation was provided on the turbine apparatus to obtain 
over-all turbine performance and outer-wall static-pressure variation 
across the stator and rotor blade rows. 
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Over-All Turbine Performance 

The actual epecific work output was computed from weight-flow, 
torque, and ’speed measurements . The air weight flow was measured from 
the calibrated ASME orifice. The turbine output torque was measured 
with a commercial self -balancing torque cell and mercury manometer. 
Turbine rotative speed was measured with an electronic events-per-unit- 
ttme meter. 

Turbine-inlet measurements were taken in the annulus upstream of 
the stator inlet (station 0, fig. 3) . Pour static-pressure taps were 
installed an each of the inner and outer walls and placed on four radial 
lines 90° apart. Two thermocouple rakes with two bare -wire thermocouples 
placed at centers of equal annular areas and two total-pressure probes 
alined axially were mounted in the same plane as the static taps. 

Turbine-outlet static pressures were measured in the annulus down- 
stream of the rotor outlet (station 4, fig. 3) from four static-pressure 
taps spaced 90° apart on each of the inner and outer walls. 


Outer-Wall Static-Pressure Variation 

A sketch of the location of the static -pressure taps used to measure 
the outer-wall variation in static pressure across the stator and rotor 
blade rows is shown in figure 5. Five static-pressure taps were equally 
spaced in the center of the stator passage from a position just down- 
stream of the stator throat to a position just inside the stator- exit 
plane. An axial line of 11 equally spaced static-pressure tapB was 
placed across the rotor-inlet and -exit planes as indicated by the 
figure. 


EXPERIMENTAL PROCEDURE 

The experimental investigation was conducted by operating the tur- 
bine at constant nominal inlet conditions of 75 pounds per square inch 
absolute and 340° F and at constant speeds of 20, 40, 60, 80, and 100 
percent of design speed. For each speed investigated, a range of static- 
to total-pressure ratios across the turbine P 4 ,/p^ was set from approx- 
imately 0.5 to the m-tniTnum that could be obtained, which was about 0.030. 

RESULTS AND DISCUSSION 
Over-All Turbine Performance 

Weight flow . - The investigation was conducted with a weight flow 
3.4 percent less than design. The flow remained constant throughout the 
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entire Investigation because sonic conditions were established at the 
stator throat at an over-all static- to total-pressure ratio across the 
turbine p^/p^ greater than the -maximum used to obtain data. This re- 
duction in weight flow was accepted primarily because it represented a 
discrepancy in stator-throat opening, which was specified as being 0.109 
inch, of only 0.003 inch per blade passage. This is within the accuracy 
of adjustment. * 

Turbine work output and static efficiency . - The over-all perform- 
ance of the turbine is -presented In figure 6. The equivalent specific 
work output is shown as a function of over-all pressure ratio for selected 
values of percent design speed. A grid of static efficiency is also shown 
on the figure and results directly, from the ordinate and abscissa param- 
eters selected and the use of the following expression: 


Ah * .. 



The maximum work output was 32,9 Btu per pound and occurred at de- 
sign speed and approximately design pressure ratio. This represents a 
maximum work output at design conditions 15.6 percent less than the de- 
sign value of. 39.0 Btu per pound. The static efficiency at this condi- 
tion was 0.414, which is 9 points below the design value of 0.504. This 
wide discrepancy is believed to have resulted from calculated losses in 
the rotor during the design procedure that were considerably smaller than 
indicated by the' experimental investigation. This will he discussed in a 
subsequent portion of this report. 

Figure 6 Indicates a sharp break in the operating curve of each speed 
selected. Because the trend is the same for all speeds, the remainder of 
the discussion will be limited to design-speed considerations only, since 
the same discussion would apply to any speed. It is noted that as the 
exit pressure ie decreased the slope of the work output curve In- 

creases with a- corresponding increase in both work and efficiency until 
the sharp break in the curve is reached. At this condition the ml nimum 
static pressure and the mftxiimint whirl that could be established at the 
stator exit have been reached. This minimum stator-exit pressure is 
limi ted by the flow conditions within the rotor passage . As the turbine- 
exit pressure is decreased further, the work output continues to increase 
but at a slower rate because of an increase in only the rotor-exit whirl, 
with the stator-exit whirl .remaining constant. _ 
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Comparison with theoretical results * - As discussed previously, the 
theoretical results of reference 3 indicate that static efficiencies 
within the range 0.40 to 0.45 should be expected from single-stage tur- 
bines with operating characteristics similar to this turbine. This range 
compares favorably with the obtained efficiency of 0.414. 

The design-point efficiency of 0.504 for this turbine resulted from 
losses associated with calculated boundary- layer growth. The boundary- 
layer equations used may or may not have been valid in determining the 
growth in boundary- layer along the blade surfaces . This was not deter- 
mined. However, an efficiency based on total losses resulting from their 
use does not appear satisfactory for a turbine of this type. 

No distinction was made between the stator and the rotor insofar as 
boundary-layer equations were concerned. However, reference 3 indicates 
that rotor loss coefficients twice as great as stator loss coefficients 
are more reasonable in determining turbine losses. Therefore, it is 
felt that a larger area allowance should have been made in the design of 
the rotor blades to account for these higher losses. For the same over- 
all pressure ratio this would, in effect, decrease both the design-point 
work and design-point efficiency to more realistic values. In view of 
the close agreement between the experimental and theoretical value b of 
efficiency, the design procedure would have been improved by assuming a 
static efficiency based on the theoretical results of reference 3. 


Outer- Wall Static-Pressure Variation 

Experimental results . - The variation in outer-wall static pressure 
across the turbine is presented in figure 7(a). The ratio of static 
pressure at any station to the turbine- inlet total pressure is shown as 
a function of outer-wall static-pressure-tap measuring stations for 
various over-all. pressure ratios set at design speed. The static- 
pressure-tap measuring stations indicated correspond to those Bhown in 
figure 5. 

Figure 7(a) shows that impulse conditions exist across the rotors 
as the exit pressure is decreased from an over-all pressure ratio of 0.511 
to 0.198. During this off -design condition it can he seen from the 
static -pressure variation of figure 7(a) that a system of oblique shocks 
passed downstream through the diverging portion of the stator passage 
with an increase in both stator- and rotor-exit whirls and a correspond- 
ing increase in work output. As the turbine-exit pressure was decreased 
to an over-all pressure ratio somewhere between 0.198 and 0.132 (approxi- 
mately 0.173 frcsn fig. 6), the minimum static pressure that could be ob- 
tained at the stator exit was established. This, then, limited the 
amount of whirl that could he obtained from the stator and corresponded 
to the condition indicated by Hie sharp break in the operating curve of 
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figure 6. As the turbine- exit pressure was decreased fur ther , a system 
of oblique shocks passed through the rotor passages with a corresponding 
increase in rotor-exit whirl and, hence, an increase in work output. T he 
maxi , tin nn work output occurred when the turbine-exit pressure was decre ase d 
to the indicated over-all pressure ratio of 0.030. 

Comparison with design . - As indicated previously, the design of the 
turbine included the assumption of no significant change in flow charac- 
teristics radially from hub to tip. However, the design variation in 
outer-wall static pressure was calculated including the radial variation 
in static pressure required to satisfy simple radial equilibrium within 
the flow passages. This design variation in outer-wall static pressure 
is compared in figure 7(b) with the experimental results. The variation 
obtained from the minimum over-all pressure ratio P^/Pq of figure 7(a) 

is repeated in figure 7(b) for comparison purposes. Very close agreement 
exists at all stations except at the rotor inlet, where the experimental 
pressure is seen to be considerably higher than design. However, as 
pointed out in the section TURBINE DESIGN, a sharp recess was cut in the 
outer housing between the stator and rotor blade rows to provide rotor 
blade ru nn ing clearance (inset, fig. 3) . This recess could cause a radi- 
ally outward flow of the streamlines in this region that would contribute 
to the indicated rise in static pressure above design. 

It is noted from figure 7(b) that the static pressures at the stator 
and rotor outlet are both slightly above their design values, and both 
would tend to reduce the work output below design because the exi t whi rls 
would be less than design. If the stator-outlet static pressure, which 
is limited by the flow conditions within the rotor, could be decreased 
below the minimum value obtained experimentally, a resultant Increase in 
work output should be realized because of ah increase in stator-exit 
whirl. One method of Accomplishing thiB would be to modify the rotor flow 
passage. This modification and its effect on turbine performance are 
discussed in the section entitled Effect of Rotor Modification. 


Momentum-Loss Considerations 

It has previously been indicated that the design procedure provided 
an area allowance for boundary- layer growth in the rotor passage tha t 
was too sma ll. This area allowance was based on the boundary- layer equa- 
tions used in the design procedure. 

In order to obtain an indication of the actual momentum-loss charac- 
teristic encountered as compared with that resulting from the design pro- 
cedure, an experl mental ratio of effective rotor momentum thickness to 
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mean camber length fjl was calculated "by assuming that the follow- 
ing experimental conditions existed: 

(1) design flow conditions at the rotor inlet (station 2, fig* l) 

(2) design free-stream flow angle at tie rotor exit before mixing 
(station 3, fig. l) 

(3) negligible rotor blade t railing-edge thickness 

( 4 ) t he same ratio of three-dimensional to two-dimensional momentum 
thickness as was used in tie design 

These assumptions resulted in an experimental ratio of effective rotor 
momentum thickness to mean camber length ®totA of 0.0114, which is 

comparable in magnitude to the results obtained from six tra nson ic tur- 
bines reported in reference 8 and three subsonic turbines reported in 
reference 9. Figure 8 shows the results of the reference turbines as 
the ratio of effective rotor momentum thickness to mean camber length 
&totA Plotted against design total surface diffusion parameter Dtot* 
f T T hp experimental point for the subject turbine is shown at a design total 
diffusion par ame ter of 0.27. Although the turbine was designed for zero 
suction- surface diffusion and a pres sure- surface diffusion of 0.27, it is 
felt that the total diffusion was considerably higher than 0.27 because 
the rotor-exit velocity was less_than design. Of major interest is the 
fact that the general level of 0-fcotA iB approximately the same for the 

subject turbine, the subsonic turbines, and the transonic turbines. 
Apparently, the selected parameters may be correlated as done by the 
correlation curve of figure 8 without regard to the Mach number level of 
each individual turbine. 

The previous considerations lead to two important observations: 

(1) The effect of Mach number level, if any, on the ratio of effec- 
tive rotor momentum thickness to mean camber lengt h is small. 

( 2 ) The riep j g n procedure for a turbine of this type would be im- 
proved by &A-1 eniA - ty i ug losses based on an assumed value of 0-tot A » rather 

than basing the losses on the boundary- layer equations that were used in 
thiB design. 

Effect of Rotor Modification 

A large portion of the suction surface of the rotor b l ad e s was re- 
moved in an effort to decrease the minimum static pressure that could be 
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felt at the stator exit. This removal of metal from the sucti on surface 
in effect produced a free-streamline passage through the rotor. As 
pointed out in reference 2, one of the advantages of a free- streamline 
passage is that the effect of a change in turbine-exit pressure . 
propagate itself upstream through the rotor, passage even though the ve- . 
loci ties relative to the rotor are supersonic. A sketch of the amount, 
of surface removed is shown in figure 9. 

The effect of the rotor modification on turbine performance at de- 
sign speed is shown in figure 10. The data, points at design speed from 
the basic turbine performance curves of figure 6 are repeated in figure 
10 for comparison with the results of the modified rotors. It can be 
seen from the figure that a slight improvement in performance was ob- 
tained. At design over-all pressure ratio, "the improvement in specific 
work output amounted to about 3 percent. 

Figure 11 shows the effect of the rotor passage modification on 
outer-wall static pressure. It can he seen r fram the figure that the at- 
tempt to lower the minimum stator-outlet pressure was successful. How- 
ever, in so doing, the minimum static pressure that could be obtained at 
the rotor exit was Increased because of a detrimental change in the flow 
pattern within the rotor that resulted in higher rotor losses. This, in 
turn, would tend to decrease the Twpxinnrm work output. The net effect of 
the two counteracting tendencies was the slight improvement previously 
discussed. 

In view of the fact that the over-all turbine performance was slight- 
ly improved by removing a large portion of the original suction surface 
of the rotor blades, the inference might be made that a detailed aerody- 
namic design of the rotor passage for such d turbine is unimportant. 

This is not so. The rotor losses of both the subject turbine and the 
cascade work of reference 2 increased when the blades were modified. It 
therefore appears that thorough aerodynamic design techniques are neces- 
sary to attain satisfactory rotor performance from supersonic turbines. 


Supersonic Starting 

The problems associated with supersonic starting of the rotor flow 
passages as described in reference 6 (cascade tests) were not encountered 
during the entire experimental investigation. The design procedure used 
for this turbine resulted in rotor passages that were critical in nature 
with respect to starting. In other words, the contraction of the flow- 
passage at the rotor inlet was such that the passage could just start at 
the design entering relative Mach number of 2.0. In view of the fact 
that the stator produced slightly less than design whirl, the rotor en- 
tering relative Mach number must have been below the design value of 2.0. 
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This should have resulted in rotor passages that would not start super- 
sonically. Apparently, the interaction of the flow "between the stator 
exit and the rotor inlet was such that the normal shocks spanning the 
rotor inlet as described in reference 6 did not exist. This lack of "both 
normal and strong oblique shocks can be noted from figure 8. 

The stator throats were opened and closed to see if the starting 
problem could purposely be encountered. Also, the method of turbine op- 
eration at off- design conditions was varied in an attempt to set an un- 
started rotor condition. However,- the rotors started in every instance. 


SUMMARY OF RESULTS 

The design and experimental investigation of a single-stage super- 
sonic turbine are presented herein. The turbine was designed for a rotor 
entering relative Mach number of 2. The results of the investigation can 
be summarized as follows: 

1. The equivalent specific work output obtained at design speed and 
approximately design over-all pressure ratio was 32.9 Btu per pound at a 
static efficiency of 0.414. This obtained static efficiency gave good 
verification to the theoretical results of an Independent reference that 
predicted static efficiencies within the range 0. 40 to 0. 45 for single- 
stage turbines with similar design characteristics. 

2. An experimental ratio of effective rotor momentum thickness to 
mean camber length was determined to be 0.0114. This compared favorably 
with the results obtained from several transonic and subsonic turbines, 
which indicates that the Mach number effect on this selected parameter 
is small. 

3. The loss calculations based on the boundary- layer equations used 
in the design procedure resulted in a design-point static efficiency of 
6.504. More area allowance for higher rotor losses should have been used 
with a resulting efficiency and work output at design conditions lowered 
to more reasonable values. This could be done duri ng the design proce- 
dure by assuming a value of the ratio of effective rotor momentum thick- 
ness to mean camber length comparable to those determined to exist in 
transonic turbines . 

4. The mi ni mrm static pressure that could be obtained at the stator- 
exit was limited by flow conditions within the rotor. Removal of a large 
portion of the rotor suction surface enabled this mi nimum pressure at 
the stator exit to be reduced at the expense of higher rotor losses. The 
net effect was about a 3-percent improvement in turbine work output at 
design speed and design over-all pressure ratio. 
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5. No problems associated with supersonic starting were encountered 
during the entire investigation, even when the worst conditions of tur- 
bine operation with respect to this problem were imposed on the turbine. 
Apparently, the interaction of flow between the stator exit and rotor 
inlet was such that normal shocks or strong oblique shocks were not en- 
countered. This was indicated by the static taps placed across the blade 
rows in the turbine outer housing. 


Lewis Plight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, July 2, 1958 
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Figure 1. - Design after-mixing velocity diagrams. 
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Figure 2. - Design blade surface velocities. 
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Jlgure 4. - Supersonic turbine blading 
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Figaro 4. - Concluded. Super sonio turtlne blading. 
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Figure 7. - Outer-wall static -pressure variation. 
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Figure 8. - Comparison of ratio of effective rotor Id lade momen- 
tum thickness to mean camber length of subject turb ine with 
reference transonic end subsonic turbines. 
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Figure 9. - Modificatii 
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Figure 10 . - Effect of rotor modification on turbine work output. 
Design speed. 
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